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Abstract
Smallmouth Bass (Micropterus dolomieu) population characteristics were examined within the
Tygart and Cheat River watersheds of north-central West Virginia. Growth, mortality and recruitment
were examined for each individual population prior to modeling potential effects of various
management schemes. Smallmouth Bass were sampled for total length and weight, aged using sagittal
otoliths and sexed through observations of gonadal or ovarian development. Growth for each
population was examined using von Bertalanffy growth models and assessed for variation among
populations. Population demographic characteristics differed between and among populations, most
noticeably between riverine and lacustrine habitat, whereby growth, mortality and recruitment were
higher in lacustrine habitats. Comparisons to developed growth standards indicated low growth
amongst all populations. While similarities existed between individual von Bertalanffy parameters, each
population exhibited differences in growth when testing for all three von Bertalanffy parameters. Age
and length at sexual maturity differed between populations with lacustrine populations maturing at an
earlier age than riverine populations. The mortality rate of Tygart Lake Smallmouth Bass exceeded that
of the other study populations. Modeling indicated that growth and recruitment overfishing are not
likely to occur within populations until exploitation rates are substantially elevated. In general, the
modeled responses to protective slot limits demonstrated little benefit in yield per recruit and spawning
potential ratio of populations, whereas modeling of minimum length limits and harvested slot limits
yielded more favorable responses. Populations responded best to a minimum length limit of 254 mm for
riverine habitat and 305 mm for lacustrine habitat across exploitation rates. Understanding current
Smallmouth Bass population demographics in West Virginia waters may inform management strategies
with the goal of improving future populations. This study provides valuable baseline information which
may be instrumental for the management of Smallmouth Bass populations within the Tygart and Cheat

River watersheds with potential to be used as a model for management of Smallmouth Bass populations
in other West Virginia watersheds.
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Chapter 1
Literature Review
In this thesis, I examine population demographics of Smallmouth Bass (Micropterus dolomieu)
within two West Virginia watersheds and model population responses to the implementation of various
management scenarios. The thesis comprises two chapters: 1) an introduction and literature review on
general life history of Smallmouth Bass, descriptions of population demographics, and a general
introduction into fisheries modeling; and 2) a study on population demographics of Smallmouth Bass
which includes modeling population responses to management scenarios.
1.1 Smallmouth Bass life history
Smallmouth Bass are members of the Centrarchidae family, a large group of freshwater fishes
endemic to North America and often the dominant top-level predators within a community. The
Micropterus genus consists of the black basses, a group initially distributed east of the Rocky Mountains.
The diversity of species within Micropterus has been historically underestimated and it was only
relatively recently, within the past 75 years, that three native species of Micropterus have been
recognized to occur in the West Virginia portion of the Ohio River drainage: Smallmouth Bass,
Largemouth Bass (Micropterus salmoides), and Spotted Bass (Micropterus punctulatus) (Near et al.
2003). Micropterus, meaning “small fin”, is a bit of a misnomer that arose from the type specimen,
which had a damaged fin giving the impression of a small fin. The specific epithet of the Smallmouth
Bass, dolomieu, honors the French mineralogist Dieudonné de Dolomieu (Brown et al. 2009).
As a species, Smallmouth Bass are often described as a slightly fusiform fish with an
emarginated tail. It has two dorsal fins that, on appearance, are connected (Brown et al. 2009). The first
dorsal fin consists of 10 spines while the second dorsal fin consists of between 13 and 15 soft rays with
14 rays being the most common representation. Body color varies with habitat, but can generally be
1

described as olive green with faint vertical blotches or bars on the sides (Schneberger 1972).
Smallmouth Bass can easily be distinguished from other native species of Micropterus in the Central
Appalachian region. For example, Smallmouth Bass can be differentiated from Largemouth Bass, by
observing the length of the maxilla. With the mouth closed, the posterior end of the Smallmouth Bass
maxilla is roughly even with the pupil of the eye while the upper jaw margin reaches to the rear margin
of the eye. In contrast, the posterior end of the Largemouth Bass maxilla extends past the rear edge of
the eye (Jenkins and Burkhead 1994). Lateral lines scales can also be used to distinguish the two species
whereas Smallmouth Bass generally has between 69 and 77 scales along the lateral line, Largemouth
Bass only has between 60 and 72 lateral line scales. Additionally, the connection between the first and
second dorsal fin of the Smallmouth Bass is more pronounced than that of the Largemouth Bass where
the connection is nearly non-existent and the two fins are almost separate (Page and Burr 1991).
Smallmouth Bass also bear resemblance to Spotted Bass. The two can be differentiated by a tooth patch
occurring on the tongue which is most often present in Spotted Bass and occurs less frequently in
Smallmouth Bass. Additionally, the pigmentation on the sides of Spotted Bass is blotching and irregular
as opposed to the more well-developed vertical bars in Smallmouth Bass. Spotted Bass also have
between 60 and 68 lateral line scales versus the 69 and 77 lateral line scales in Smallmouth Bass (Jenkins
and Burkhead 1994).
Smallmouth Bass have garnered a reputation as a popular North American sportfish owing, in
part, to its tenacity as a top predator. Its reputation as a formidable sportfish was recognized early on as
depicted in this 1881 description of the fish: the Smallmouth Bass is “plucky, game, brave and unyielding
to the last when hooked…” with the “…arrowy rush and vigor of the Trout, the untiring strength and
bold leap of the Salmon…”, with a “…system of fighting tactics peculiarly his own.” (Henshall 1881). In
his praise of Smallmouth Bass, Henshall (1881) further states that “I consider him inch for inch and
pound for pound the gamest fish that swims” (Henshall 1881). This reputation has, in part, influenced
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the introduction of Smallmouth Bass on a global scale and, subsequently, is a contributing factor to the
invasive potential of Smallmouth Bass, having been listed as an invasive threat in at least twelve
countries (Diedericks et al. 2022).
Smallmouth Bass habitat use changes with age. Young-of-year Smallmouth Bass prefer areas of
low velocity with moderate depth and an optimal growing water temperature of around 29°C (Brewer
2011). Adult Smallmouth Bass prefer moderately deep water with boulder substrate and moderately
swift velocity (Scheneberger 1972). Selection of habitat with an optimal growing temperature of
between 21 and 26°C is also important for adult Smallmouth Bass, although not as important as cover in
habitat selection. Smallmouth Bass will venture into warmer temperatures, if needed, to capture
available prey (Bevelhimer 1996). Changes in cover use follow seasonal patterns where Smallmouth Bass
frequent areas of large boulders during the winter, while in the spring and summer months Smallmouth
Bass associate with logjams, rootwads and other woody structures (Todd and Rabeni 1989). During
warmer months, adult Smallmouth Bass often retreat to greater depths. The same behavior is also
observed during the transition to winter months, presumably as a means to offer more cover. By
contrast, juvenile Smallmouth Bass often associate with moderate to shallow depths at all times of the
year (Wolf et al. 2019). Ultimately, Smallmouth Bass prefer areas where habitat 1) supports abundant
prey sources and 2) has water temperature in a range that can allow for optimal consumption
(Bevelhimer 1996).
Smallmouth Bass will typically begin spawning between April and May when water
temperatures reach approximately 15°C (Dauwalter and Fisher 2007). The season begins when male
Smallmouth Bass select and build a nest site. Males will attract a female to the nest location where the
female will deposit her eggs to be fertilized. The male watches over and protects the fertilized eggs
(Wiegmann et al. 1997). The first month of spawning is perhaps the most crucial in the success of the
spawn. High flows throughout the spawn and leading up to the first month in the life of a larval
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Smallmouth Bass reduce spawning success and increase larval mortality (Smith et al. 2005). Smallmouth
Bass typically reach sexual maturity when their body size exceeds 200 mm. In most waterbodies, this is
achieved by age 3. Most reproduction will occur in the subsequent year, age 4, and reproduction tends
to taper off in the later years (Bayliss and Wiegmann 1993). Some studies suggest that male Smallmouth
Bass are mostly semelparous, spawning only one time in their life, although a small percentage of male
Smallmouth Bass in these studies have been documented breeding multiple times (Raffetto et al. 1990).
1.2 Tygart and Cheat Watersheds
The Tygart River and Cheat River watersheds examined in this study are similar in history and
habitat quality. Both rivers are major tributaries to the Monongahela River of the Ohio River drainage.
The Tygart River originates in the Allegheny Plateau within Pocahontas County and flows in a generally
north-northwest direction. Similarly, the Cheat River flows in a generally north-northwest direction from
its originations in Tucker County near Parsons, WV.
Similar in-stream habitat components capable of supporting Smallmouth Bass populations occur
in both Tygart River and Cheat River. Habitat throughout the Tygart River can generally be described as
mostly a mix of large cobble and boulder substrate with peripheral shading of the bank margins and
abundant riffle/run complexes. Sections of the upper reaches of the river, particularly near and around
Philippi, WV, have considerably more sediment deposition and embeddedness when compared to the
lower reaches. Total elevation change from Philippi, WV to the river’s confluence in Fairmont, WV is
approximately 131 m. Likewise, habitat in Cheat River consists predominantly of large cobble/boulder
substrate, periodic gravel shoals, and abundant riffle/run complexes throughout its concourse. Most of
the watershed remains forested with steep and constricted sections noted throughout the river’s
course. Over the river’s length from Parsons, WV to Point Marion, PA, the Cheat River has an
approximate 258 m elevation change.
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The Tygart River is impounded near Grafton, WV to form Tygart Lake. The reservoir was
constructed as part of the 1935 Rivers and Harbors Act for the explicit purpose of flood control and
provides ample recreational opportunities, including angling (USACE 2022). The US Army Corps of
Engineers operates and maintains the dam structures. As a flood storage impoundment, the pool
elevation is lowered in the winter months in preparation for the higher rainfall events that are likely to
occur in late winter and spring. From October to May, the pool elevation is maintained at 316.4 m above
sea level, while in the remainder of the season elevation is maintained at 333.3 m above sea level
(USACE 2020).
Similar to the Tygart River, the Cheat River has one impoundment on its main stem, Cheat Lake.
Also referred to as Lake Lynn, Cheat Lake was created for the purposes of hydroelectric generation. It is
maintained and operated by Lake Lynn Hydro, LLC., while the fishery is managed by WV Division of
Natural Resources. Elevations of the lake are regulated by the power company as per license conditions.
Both watersheds have a history of water quality impairment with acid mine drainage being the
primary impairment source. The Cheat River watershed has four lakes (Cheat Lake, Coopers Rock Lake,
Pendleton Lake, and Spruce Knob Lake) comprising approximately 703 hectares and 31 streams totaling
approximately 381 km listed as impaired through the West Virginia Department of Environmental
Protection Section 303(d) program, mostly for impairments arising from low pH (WVDEP 2016). In
comparison, the Tygart Valley River watershed has 35 streams totaling approximately 248 km listed as
impaired, primarily for conditions not allowable for biological life. Total maximum daily loads have been
developed for much of the impaired waters and the watersheds are in an active state of remediation
(WVDEP 2016).
1.3 Population characteristics
The structure of fish populations is defined by the influences of recruitment, growth, and
mortality (Smith et al. 2005). Recruitment refers to the processes whereby fish transition from early life
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stages to slightly older life stages whereby they may be susceptible to harvest or reach an age of
maturity (Camp et al. 2020). Recruitment does not begin with the deposition of eggs but is instead
influenced by a period of density-dependent mortality that occurs between two life phases. Egg and
larval fish mortality are considered to be density-independent since fish at these life stages have little
control over their habitat and are more susceptible to predation (Jobling 1995). The density-dependent
mortality during the recruitment period means that the number of recruits in a population is largely
independent to the number of eggs that hatch each year (Camp et al. 2020). However, recruitment has
exhibited a strong correlation to spawner abundance where strong recruitment is a response to high
spawner abundance and weak recruitment is a response to low spawner abundance. Spawner
abundance refers to the size of the spawning stock in consideration of spawning stock biomass, the total
number of spawners, the number of eggs, or an index of spawner abundance derived catch per unit of
effort or similar metric (Myers and Barrowman 1996). Therefore, understanding the age-at-maturity and
length-at-maturity and general population structure can provide insights on how recruitment could be
affected by harvest and management plans.
Mortality is another key component in understanding population dynamics. It is more often
defined in terms of the rate of mortality occurring over a set period of time, typically a year, where
annual mortality is expressed as equaling the number of deaths in a population divided by the number
of individuals in the population at the beginning of a time period (Ogle 2013). In describing the
characteristics of a population, mortality is estimated at each stage or phase of a population as egg and
larval fish mortality, age 0 mortality, and adult mortality (Wiegmann et al. 1997). In the contexts of adult
mortality, this is calculated as the mortality that occurs in a population after recruitment. On a catchcurve, post-recruitment mortality would correspond to the mortality that occurs on the downward
trending slope of the catch curve (Ogle 2013). In most instances, separating natural mortality from
fishing mortality can be difficult. A common approach is to fix natural mortality at a derived value and
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estimate what losses that remains as fishing mortality (Smith et al. 2021). One other approach is to
calculate natural mortality through the parameters derived from the von Bertalanffy model using the
methodology afforded by Chen and Watanabe (1989).
Growth is typically described as an expression of individual growth of an average individual in
the population. Several models and functions have been used to estimate this growth, the most popular
of which is the non-linear von Bertalanffy growth function (Ogle 2013). The von Bertalanffy growth
function specifies the length of a fish as function of its age (Dey et al. 2019). In this way, it estimates the
projected growth of an individual within a population at each year of its life. Seasonal variability in
weight makes length a better parameter to consider for growth, despite the strong correlation between
length and weight (Kaylor et al. 2021). The von Bertalanffy growth function considers three parameters
in its calculations: the asymptotic length, a growth rate parameter, and the theoretical age of the fish
when the fish has zero length (Dey et al. 2019). The asymptotic length is not the maximum length of an
individual, as it is often expressed, but rather is the average length-at age, and so some individuals may
exceed the asymptotic length (Ogle 2013). Growth is generally compared to accepted standards to
identify and access the condition of a population.
1.4 Growth standards
The evaluation of fish population characteristics often includes a comparison among
populations. The development of regional, state, or national averages and specific standards provide the
tools to assist in adequate comparisons. Standardized assessments are created to focus on specific
population characteristics.
Relative weight is one such standard. It is calculated by dividing the observed weight by an
expected, or standard, weight and multiplying the outcome by 100. The standard weight is derived from
a weight-length relationship that would represent the 75Th percentile of fish for a given length (Midas et
al. 2013). As a tool, relative weight provides information on the condition of an individual fish.
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Condition refers to the average plumpness of an individual fish. In effect, relative weight can indicate if a
fish is experiencing favorable or less than favorable conditions in terms of nutritional status and prey
availability (Blackwell et al. 2000). As an index, though, relative weight may not reliably capture the
influence of the complex environments a population may be subjected to, and so, it may be premature
to assume that a “plump” fish is a healthy fish and a skinny one is not (Copeland 2004). Adequate ranges
of relative weight would be unique to the targeted species and management goals for the population of
interest (Blackwell et al. 2000). A standard weight equation for Smallmouth Bass was developed by
Kolander et al. (1993) by pooling together data from 50 populations of Smallmouth Bass across 19
states.
Length is also a commonly used metric in standardizing growth. Using length to create a growth
index works much the same as relative weight, but length may be more reliable as a metric than weight
as length doesn’t fluctuate seasonally as weight often does. Relative growth indexes for length often
take into consideration the von Bertalanffy growth models and apply the results to obtain an agespecific standard length (Jackson et al. 2008). Comparing observed lengths to the standard provides
information on how well an individual is growing. Starks and Rodger (2020) developed a relative growth
index using length for lotic Smallmouth Bass populations by assessing 43 Smallmouth Bass populations
aged through sagittal otoliths. The Starks and Rodger index does not apply to lentic Smallmouth Bass
populations because of differing growth patterns between lentic and lotic environments. As of the date
of this study, a relative growth index specifically for lentic Smallmouth Bass populations has yet to be
developed.
1.5 Yield models
Modeling is an important tool utilized by fishery managers to assess and predict likely responses
within populations to the implementation of management. The yield per recruit model is one such
predictive tool often used by fishery managers. Yield per recruit is the predicted lifetime yield of fish
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recruited into the stock at a specific age (Ganga 2017). It is based on methodology published by
Beverton and Holt (1957) which takes into consideration fishing mortality, natural mortality, total
mortality, age at first capture, age at first recruitment, and the parameters derived from the von
Bertalanffy growth function (Barr et al. 2010). A number of assumptions must be made to successfully
run a yield per recruit model: 1) recruitment is constant, although the specific rate is not specified; 2)
fish within a cohort all hatch at the same time; 3) all fish in a cohort recruit at the same time; 4) fish
experience only natural mortality until recruitment at which time they experience constant fishing
mortality throughout the remainder of their lifetime; 5) the relationship between length and weight is
isometric; and 6) complete mixing occurs within a stock (Ganga 2017). Yield per recruit models are often
presented as a curve showing the relationship of yield per recruit on the y-axis and exploitation on the xaxis. Optimum exploitation rates would be represented by the peak in the yield per recruit curve. This
also corresponds to the maximum sustainable yield. Additionally, the yield per recruit curve can indicate
whether growth overfishing is occurring. This would likely occur when exploitation has exceeded the
maximum sustainable yield (Pattarapongpan 2018).
The yield per recruit model can be modified by incorporating spawning potential ratio to assess
whether recruitment overfishing is occurring. Spawning potential ratio would be the proportion of
unfished reproductive stock remaining in a population at any given level of exploitation (Hordyk et al.
2015). A spawning potential ratio of 100% would indicate a population that is experiencing no
exploitation while a spawning potential ratio of 0% would indicate a population that has had all mature
individuals removed from the stock such that no recruitment is occurring. A conservation strategy in
using the spawning potential ratio would be to identify the critical spawning potential ratio needed to
maintain an adequate stock for reproduction. Exploitation beyond this level is likely to result in
recruitment overfishing (Slipke et al. 2002).
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1.6 Summary
Smallmouth Bass owe much of their success and popularity as a sportfish to their life history
characteristics. Their popularity has contributed to an abundance of research reflected in the scientific
literature and yet, within West Virginia, gaps exist in our understanding of the population demographics
for Smallmouth Bass. Population demographic data are reflected in the study in section 2.6. Published
growth standards were used in the assessment of these populations. Modeling of management for
Smallmouth Bass populations are reflected in section 2.7. A thorough understanding of Smallmouth Bass
population demographics in West Virginia will contribute to their successful management.
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Chapter 2
Smallmouth Bass (Micropterus dolomieu) population characteristics and an evaluation of
management responses in two West Virginia watersheds
Introduction
Fish populations are structured by recruitment, mortality and growth (Smith et al. 2005).
Knowledge of these three population demographics is integral in making sound fisheries management
decisions. To evaluate population demographics, researchers often examine and review the population
characteristic data specific to growth, size, and age structure (Paragamian 1984). Species often exhibit
spatial variability in recruitment, growth, and mortality providing complexities and challenges to fishery
management practices (Shroyer and McComish 1998). Variations between or among populations can
occur on a spatial scale, often over a broad range of geographical distances, and can be further
influenced on a temporal scale through immigration and emigration patterns (Sinclair et al. 2002).
Therefore, it is often inadvisable to 1) assume that a species has consistent population characteristics
across its range and 2) extrapolate results between assessment areas (Gray 2015).
Smallmouth Bass (Micropterus dolomieu) is an important sportfish species found throughout
much of North America. The original range of Smallmouth Bass extended from the Great Lakes south
towards the Gulf of Mexico, primarily within the greater Mississippi drainage (Edwards et al. 1983). As a
sportfish, Smallmouth Bass are found throughout the state of WV in a majority of the rivers and lakes
(WVDNR 2021). Smallmouth Bass abundance in the state helps contribute to their popularity with
anglers. Nevertheless, limited research on Smallmouth Bass population characteristics has been
conducted within West Virginia to include the Tygart River and Cheat River watersheds. Smallmouth
Bass population data that would provide context to the overall condition of the fishery are sparce within
these watersheds. Such data would be important in informing specific management actions such as
harvest regulations.
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Population demographics of Smallmouth Bass are largely influenced by habitat and water
temperature. Specifically, successful growth and reproduction of individuals within populations will
occur where habitat supports abundant prey items and water temperatures are optimal for maximum
consumption (Bevelhimer 1996). Differences in water temperature can also affect growth and
recruitment of Smallmouth Bass (Rubenson and Olsen 2019). Stable water temperatures across a
habitat range may be vital for successful recruitment and consistent growth across age classes (Smith et
al. 2005). Although recruitment tends to be regionally similar, growth and mortality can vary greatly,
contributing to regional disparities in Smallmouth Bass population demographics (Sterling et al. 2019).
Habitat, especially cover (i.e., root wads, fallen trees, rock ledges, boulders), is often the most important
factor in explaining these variations in population demographics (Bevelhimer 1996). Given these
variations occur across a range of water temperature and habitat, it is important for any assessment of a
Smallmouth Bass fishery to incorporate regionally specific demographic data.
Our understanding of Smallmouth Bass populations within the Tygart River and Cheat River
watersheds is limited by a lack in recent evaluations. Therefore, the primary objective of this study was
to describe current population characteristics for the two watersheds and identify potential population
responses to management actions. To achieve this objective, I 1) identified the underlying population
characteristics that defined the Smallmouth Bass fishery in the Tygart River and Cheat River watersheds
to include an assessment of growth, recruitment and mortality, 2) compared observed growth to
published growth metrics of Smallmouth Bass, and 3) simulated effects of management practices on
Smallmouth Bass populations.
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Materials and Methods
2.1 Study area
Two West Virginia watersheds with similar history and habitat quality were assessed for this
study: the Tygart River and the Cheat River watersheds. The Tygart River is an approximately 217 km
river that flows in a general north-northwest direction from the Allegheny Plateau in Pocahontas County
to its confluence with the West Fork River in Fairmont, WV. The Cheat River is an approximately 125 km
river that also flows in a general north-northwest direction from Parsons, WV to its confluence with the
Monongahela River in Point Marion, PA. Both rivers are major tributaries of the Monongahela River.
Habitat quality for both rivers is similar with abundant riffle/run complexes, large cobble/boulder
substrate, periodic gravel beds, and plenty of stream shading provided by the mostly forested land use
that surrounds them.
Each river has one impoundment located on them: Tygart Lake and Cheat Lake. Tygart Lake is a
reservoir managed by the US Army Corps of Engineers with an approximate storage capacity of
35,742.6-hectare meters. It has a normal pool of approximately 708 hectares. Cheat Lake is managed by
Lake Lynn Hydro, LLC for the purposes of hydroelectric generation. It has a normal pool of approximately
700 hectares.
The areas of interest for this study include the Tygart River downstream and upstream of Tygart
Lake, as well as Tygart Lake, Cheat Lake, and the upstream sections of Cheat River (Figure 1). The Camp
Towles public access site, located downstream and to the Northwest of Grafton, WV, served as the
study area for the downstream section of the Tygart River. A public access site near Philippi, WV served
as the study collection area for the upstream section of Tygart River. Public access sites in Hannahsville,
WV and Rowlesburg, WV served as study collection areas for the upstream sections of Cheat River.
Water quality data of study areas were provided through US Geological Survey monitoring
stations located at Colfax, WV and Philippi, WV for the Tygart River and at Parsons, WV for the Cheat
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River. Additional continuous temperature monitors were placed at Moatsville, WV on the Tygart River
and at Rowlesburg, WV and Hannahsville, WV on the Cheat River.
2.2 Fish collection and sample preparation
Smallmouth Bass were collected from Tygart Lake and from Tygart River both downstream and
upstream of Tygart Lake during October 2020 and May and September of 2021. Collections of
Smallmouth Bass within Cheat Lake and in Cheat River upstream of the lake occurred during September
2017, May and October of 2019, October of 2020, and May, October and November of 2021. Fish were
collected with pulsed, direct current boat electrofishing at fixed interval transects of 600 seconds per
transect. Sampling was conducted at night within the lacustrine habitat and during the day for the
riverine habitat. Some supplemental sampling of the lakes was conducted utilizing gill nets set out an
hour before sunset and retrieved an hour after sunset.
In the field, sampled Smallmouth Bass were measured to be placed within bins of 0.5-inch (12.5
mm) increments. The target was to collect five smallmouth bass per bin per study area. Once a bin was
filled, any additional Smallmouth Bass that would have fit within that bin were measured and recorded
for total length (mm) and returned back to the water. Collected Smallmouth Bass were immediately
placed on ice for preservation and returned to the lab for further analysis.
For the collected Smallmouth Bass, total length (mm) and total weight (g) were recorded. Both
sagittal otoliths were removed, cleaned and dried for later age determination. Sex was determined
through dissection and visual inspection of the body cavity for gonadal and ovarian development. Any
visual malformities within the body cavity were noted.
2.3 Age determination
Sagittal otoliths were allowed to dry for at least 24 hours before viewing for age determination.
Otoliths were cracked in half using finger pressure. Breaks were made perpendicular to the longitudinal
axis. Once broken, the halves were sanded down and polished to facilitate reading of the annuli. A
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dissecting microscope with a magnification of 20-40x was used to observe the otoliths and count visible
annuli. Two independent readers, with no prior knowledge of fish length, viewed the otoliths and
estimated age. If a difference occurred between the estimated ages by the two readers, then both
readers would view otoliths in concert until a consensus age was reached.
2.4 Analysis of data
Data analyses were conducted in R studio using components of the packages “FSA” and
“fishmethods” in R version 4.1.1 (R Core Team 2021, FSA version 0.9.3, fishmethods version 1.11-3). An
age-length key was established for each of the five study areas. An age-length key is a table of the
proportional probability that a fish at any given size would correspond to a particular age (Isermann and
Knight 2005). The dataset was sorted between lengths with known ages and lengths with unknown ages.
From there, a variable with the known age dataset was created to identify from which length category
the fish might belong. For the purposes of this study, a length category of 12.5 mm was used as being
the most similar to the 0.5-inch bins used in the field to sort the fish. The starting category was set at the
smallest length recorded. A row proportions table was then created using the length category where the
proportion of fish at a given size class of a given age was assigned. Fish of unknown age were assigned
an age based on the proportion table using the semi-random method (Ogle 2013).
A maturity schedule was established for each study area. Maturity was determined based on the
development of gonadal and ovarian tissue. Data were fit into a binomial model using “maturity” as the
response and “length” as a predictor. Running the model yielded an estimated proportional likelihood of
Smallmouth Bass maturity by size class. The binomial model was run a second time, but with “age” as
being the predictor variable to yield the estimated proportional likelihood of Smallmouth Bass maturity
by age class (Ogle 2013, McBride 2016). Observing the length and age values for 5, 50 and 95% maturity
proportions provided insight on rates of maturation between study areas.
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A nonlinear model fitting the von Bertalanffy growth model with length-at-age data was used to
examine growth patterns within each study area population. Length-at-age (Lt) was modeled through
the three-parameter von Bertalanffy growth model:

𝐸[𝐿𝑡 ] = 𝐿𝑖𝑛𝑓 (1 − 𝑒 −𝑘[𝑡−𝑡0 ] ),

where E[Lt] is the expected length at age, L∞ is the asymptotic average length, k is the Brody growth rate
coefficient, and t0 is the theoretical age by which length is equal to 0. Applying a nonlinear least square
function to the model generates predicted sizes at each age of interest to create a growth curve (Ogle
2013). The sex of the Smallmouth Bass was not considered when fitting the model. Applying sex and log
transformed length-at-age data to a linear model indicated no statistical difference between male and
female Smallmouth Bass when tested through an ANOVA (p = 0.904; Figure 2). Further, standard growth
studies on Smallmouth Bass typically combine male and female data in arriving at their growth
estimates (Starks and Rodgers 2020). Predicted lengths from each study area were compared with each
other with respect to proportional size structure categories (PSS), size categories used to calculate fish
quality as being “stock”, “quality”, “preferred”, “memorable”, and “trophy” (Gabelhouse 1984). Growth
curves were further compared using a likelihood ratio test (Kimura 1980).
The relationship between length and weight was modeled to estimate Winf, the asymptotic
average weight associated with Linf. The model was converted to a linear model by taking the natural
logarithm of each side of the model:

log(𝑊𝑖 ) = log(𝑎) + 𝑏 ∗ log (𝐿𝑖 ),

where log(a) represents the intercept and b represents the slope. From this, Winf can be estimated as:
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𝑊𝑖𝑛𝑓 = 𝑒 𝑎 ∗ 𝐿𝑏𝑖𝑛𝑓

Winf becomes important when calculating natural mortality.
The rate of survival (S) was calculated using the maximum likelihood method as proposed by
Chapman and Robson (1960). This method is based on the assumption that the population is static and
that the age distribution of the population is geometric. By their proposed method, S can be calculated
as:

𝑆=

𝑋̅
1
(1 + 𝑋̅ − (𝑛)

where 𝑋̅ represents the mean age above a theoretical age of recruitment, or the downward trending
portion of the catch curve, and n is the sample size. The instantaneous rate of mortality can easily be
calculated from S by transforming S through a logarithmic function. This presents a slightly biased
estimate of Z (Chapman and Robson 1960, Smith et al. 2012). Bias can be reduced through an equation
presented by Hoenig et al. (1983) as:

𝑍 = − log(𝑆) −

(𝑁 − 1)(𝑁 − 2)
𝑁[𝑁(𝑇̅ − 𝑇𝑐 ) + 1][𝑁 + 𝑁(𝑇̅ − 𝑇𝑐 ) − 1)

where 𝑇̅ would be the mean age of fish above Tc, the age of full recruitment marked by the downslope
of the catch curve, and N is the sample size of the fish greater than Tc.
The natural mortality of a population (M) is calculated through parameters derived from the von
Bertalanffy model using the methodology afforded by Chen and Watanabe (1989).
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𝑘
𝑀(𝑡) =

1−

𝑒 −𝑘(𝑡−𝑡0 )

, 𝑡 ≤ 𝑡𝑀

𝑘
, 𝑡 ≥ 𝑡𝑀
{𝑎0 + 𝑎1 (𝑡 − 𝑡𝑀 ) + 𝑎2 (𝑡 − 𝑡𝑀 )2

Where k and to are both taken from the von Bertalanffy model, tM is the theoretical age marking the end
of the reproductive span which can further be defined by:

1
𝑡𝑀 = − 𝑙𝑛|1 − 𝑒 𝑘𝑡0 | + 𝑡0
𝑘

The coefficients of a0, a1, and a2 can be estimated as:

𝑎0 = 1 − 𝑒 −𝑘(𝑡𝑀−𝑡0 )
𝑎1 = 𝑘𝑒 −𝑘(𝑡𝑀 −𝑡0 )
1
𝑎2 = − 𝑘 2 𝑒 −𝑘(𝑡𝑀 −𝑡0 )
𝑘

Relative weight (WR) was also considered during the analysis. Estimating the relative weight
begins by first estimating the standard weight (WS). The standard weight equation for Smallmouth Bass
is described as:

𝑊𝑠 = 10(−5.329+3.2∗𝐿𝑜𝑔(𝐿))

The slope and intercept values for the standard weight equation are derived from Kolander et al (1993).
The relative weight is calculated as:
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𝑊𝑅 =

𝑊
∗ 100
𝑊𝑆

For ease of interpretation and comparison, relative weight was considered based on PSS categories. A
target range for relative weight of Smallmouth Bass will be dependent on management objectives,
environmental limitations and ecological balance (Blackwell et al 2000). Establishing the ecological
criteria for a relative weight target range was beyond the scope of this study, therefore, relative weights
were used only for comparisons between size classes and study areas. Lengths-at-age were compared to
relative growth standards generated for lotic systems via otolith aging (Starks and Rodger 2020). These
length-at-age comparisons were only completed for downstream and upstream Tygart and Cheat River.
A similar growth standard has yet to be generated for lentic environments. Jackson et al (2008) had
attempted to generate a relative growth standard for Smallmouth Bass; however, this attempt relied on
pooling both lentic and lotic growths using various means of aging (i.e. scales, otoliths, spine rays, etc.)
Several studies, including this present study, have demonstrated variation in growth between lentic and
lotic habitats. It is for this reason that the Jackson et al. (2008) relative growth standard was not
considered.
2.5 Population Modeling
Population modeling was conducted using Fishery Analysis and Modeling Simulator version 1.0
(FAMS 2010). Responses to typical fisheries management scenarios were tested based on a yield-perrecruit (YPR) model to assess for the potential for growth overfishing. For the purposes of the YPR
model, it was assumed that initial population size was 1000 individuals and the sex ratio was 1:1. Max
age for each population was determined by observed maximum age (i.e., 5 for Tygart Lake, 9 for Cheat
Lake, 11 for both Tygart River sections, and 16 for Cheat River). Yield-per-recruit was modeled in
response to exploitation. Model testing included 6 different management scenarios: no length limit, 203
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mm minimum length limit (MLL), 254 mm MLL, 305 mm MLL, 356 mm MLL (where growth would allow),
254 – 330 mm protected slot limit (rivers) and 254 – 356 mm protected slot limit (lakes). In modeling the
response to the no length limit, no site-specific data were available to indicate the likely minimum
length Smallmouth Bass an angler would consider for harvest. In absence of this data, it was assumed
for modeling purposes that anglers would select Smallmouth Bass over 178 mm for harvest, in
corresponding with the PSS-stock length for Smallmouth Bass (Gatehouse 1984).
To evaluate the potential for recruitment overfishing under each simulated management
scheme, spawning potential ratio (SPR) was modeled in response to exploitation rates from 5 to 95%.
SPR is essentially a ratio of the number of eggs produced within a population under a given level of
exploitation with respect to the number of eggs produced within a population given that no exploitation
occurs (Goodyear 1993). When exploitation increases, it is generally understood that SPR decreases.
When SPR declines below a set threshold (critical SPR limit) then there is an increased likelihood that the
fishery could experience recruitment overfishing (Goodyear 1990). A critical threshold for Smallmouth
Bass has yet to be identified, therefore, for the purposes of interpreting modeling results, a threshold
limit of 0.25 was placed on Smallmouth Bass as being a conservative benchmark for pelagic sportfish
(Spilke et al. 2011). A linear fecundity – length regression derived from Raffetto et al (1990) was
incorporated within the model:

𝐹𝑒𝑐𝑢𝑛𝑑𝑖𝑡𝑦 = −12,251 + 593.3𝐿𝑒𝑛𝑔𝑡ℎ

Female ratio was assumed to be 50% for each year class. For the riverine fish, age at reproduction was
determined to begin at age 3 where 33% of females were considered successful in sexual reproduction.
Most reproduction was considered to occur during age 4, with 75% percent of females being successful
in reproduction, while the percent of reproductive females was assumed to taper off for subsequent
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years to 50% (Raffetto et al. 1990). For the lacustrine fish, age at first reproduction was reduced to age
2. Modeling for effects on spawning potential ratio was conducted for no limit, 203 mm MLL, 254 mm
MLL, 305 mm MLL, 356 mm MLL (where applicable by growth), 254 – 330 mm protected slot limit
(rivers), and 254 – 356 mm protected slot limit (lakes).
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Results
3.1 Water Quality
General water temperature data collected in year 2020 demonstrates similar water temperature
regimes for both watersheds (Figure 3). Maximum temperature recorded was 28.8°C from the Tygart
River at Philippi, WV. Maximum recorded temperature in the Cheat River was 27.7°C. Water
temperature in Tygart River was generally cooler downstream of Tygart Lake. Maximum water
temperature of the downstream Tygart River was 27.2°C. Mean daily temperatures from May 1 to
October 1 of 2020 were similar with 20.11°C ± 0.38 in Cheat River, 20.56°C ± 0.38 in downstream Tygart
River and 21.16°C ± 0.38 in upstream Tygart River.
3.2 Population demographics
A total of 1,067 Smallmouth Bass were sampled over the course of the study (261 – downstream
Tygart; 266 – upstream Tygart; 123 – Tygart Lake; 303 – Cheat River; and 114 – Cheat Lake). From these
collected Smallmouth Bass, a total of 581 were aged through sagittal otoliths to include: 103 from
downstream Tygart; 101 from upstream Tygart; 123 from Tygart Lake; 140 from Cheat River; and 114
from Cheat Lake. The remainder of the unknown age Smallmouth Bass were aged through the
development of an age-length key. Observed age ranges varied from across study areas. Smallmouth
Bass age ranged from 0 – 5 years in Tygart Lake, 0 – 11 years in both the downstream and upstream
Tygart River, 0 – 13 years in Cheat Lake, and 0 – 16 years in Cheat River (Figure 4). The maximum age of
13 in Cheat Lake was of a single individual and was considered to be an anomaly since there were no
observed ages of 10, 11, and 12 years in Cheat Lake. This individual was removed from further analysis
so as not to bias the results.
Electrofishing catch per unit effort (CPUE) varied between study areas. Lacustrine study areas
generally had lower CPUE than riverine study areas. Electrofishing CPUE for Tygart Lake and Cheat Lake
was 33 fish/hour and 27 fish/hour, respectively. Electrofishing CPUE for rivers ranged from 76 fish/hour
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to 176 fish/hour. Electrofishing CPUE for downstream Tygart River was lower in the spring at 76
fish/hour than fall at 176 fish/hour. Similarly, electrofishing CPUE for upstream Tygart River was lower in
the spring at 84 fish/hour than fall at 130 fish/hour. Electrofishing CPUE for Cheat River was higher in
the fall of 2020 at 144 fish/hour than fall of 2021 at 78 fish/hour.
In general, the mean total length of Smallmouth Bass was higher within the lacustrine study
areas (243.1 and 224.6 mm) than within the riverine study areas (169.7, 196, and 191.3 mm). The largest
individual collected was in Cheat Lake at 487 mm, while the downstream Tygart River exhibited the
smallest maximum length at 390 mm (Table 1). Sizes of Smallmouth Bass sampled were more densely
concentrated in smaller size classes compared to larger size classes (Figure 5). No study area population
was observed having PSS-Trophy Smallmouth Bass. Cheat Lake had the highest proportion of PSSMemorable Smallmouth Bass with 5.5%. Tygart Lake had the highest proportion of both PSS-Preferred
and PSS-Quality Smallmouth Bass with 17.7% and 43.5%, respectively. The riverine populations were
more densely populated with PSS-Stock Smallmouth Bass with 80.4% for upstream Tygart River, 78.8%
for downstream Tygart River, and 67.3% for Cheat River (Table 2).
Age structure among study areas was fairly similar in distribution with a strong year-1 age class,
excepting Tygart Lake which had exhibited a stepwise decline in numbers from age-0 to age-5 (Figure 4).
The age of maturity, as calculated through a maturity schedule, indicates Smallmouth Bass reach
maturity at a younger age in the lakes compared to the rivers. In Tygart and Cheat Lake, the age at 50%
maturity was estimated to be 0.98 and 1.10 years and the age at 95% maturity was estimated to be 1.12
and 1.23 years, respectively. Conversely, for downstream/upstream Tygart and Cheat River, the age at
50% maturity was 1.70, 1.94, and 2.37 and the age at 95% maturity was 2.72, 2.07, and 3.94,
respectively (Table 3, Figure 6). Maturity estimates were based primarily on the gonadal and ovarian
development of Smallmouth Bass collected in the fall. As such, the age at first reproduction is estimated
to occur one year later from maturity estimates because of the sampling period occurring after the
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spawn. Age of first reproduction is therefore estimated as age 2 in lacustrine Smallmouth Bass and
between ages 3 and 4 in riverine Smallmouth Bass.
Growth curves indicated a much more rapid growth pattern for the lakes versus the rivers
(Figures 7 and 8). When considering the three parameters of the von Bertalanffy growth model, each
study area was statistically different through the likelihood ratio test (p<0.05) (Table 4). Even so, Tygart
Lake and downstream Tygart River Smallmouth Bass exhibited a near identical asymptotic length of
404.1 mm and 402.6 mm, respectively; however, Tygart Lake Smallmouth Bass grew at a faster pace
with a growth coefficient of 0.521, achieving the asymptotic length at an earlier age than downstream
Tygart River Smallmouth Bass with a growth coefficient of 0.137. Upstream Tygart River Smallmouth
Bass had the highest asymptotic length of approximately 554 mm while the downstream Tygart had the
lowest (Table 5). In general, the growth coefficients for the five study areas were statistically similar with
one another, excepting Tygart Lake (Table 4).
In estimating mortality, TC was determined to be 1 year after reviewing the catch curves for each
study area. The Chapman-Robson estimates of Z were highest in Tygart Lake at 0.628 ± 0.114 while it
was lowest in Cheat River at 0.253 ± 0.036. Cheat Lake, upstream Tygart and downstream Tygart had Z
values of 0.410 ± 0.049, 0.467 ± 0.053, and 0.336 ± 0.047, respectively. Conditional natural mortality
(cm) was estimated to be highest at Tygart Lake with a value of 0.44 while ranging from between 0.20
and 0.26 for the remainder of the study areas (Table 6).
Relative weight varied with sample populations. Mean relative weight ranged from between
80.84 and 89.79%. Using one-way ANOVA for comparison, riverine Smallmouth Bass populations did not
exhibit differences in relative weights between PSS categories, while lacustrine Smallmouth Bass
populations did differ significantly in relative weights between PSS categories (Table 7). The lowest
mean relative weight occurred in Cheat River with 80.85%. Tygart Lake had the highest mean relative
weight with 89.79%. Through a linear regression log-scale model and applying Tukey’s honestly

28

significant difference test and a one-way ANOVA test, relative weight differed significantly between
habitat types with relative weight of lacustrine Smallmouth Bass being generally higher than riverine
Smallmouth Bass. Tygart Lake Smallmouth Bass exhibited differences in relative weight between PSSstock and PSS-preferred, as well as PSS-stock and PSS-quality. Cheat Lake Smallmouth Bass exhibited
differences in relative weight from PSS-stock to PSS-quality and PSS-quality to PSS-memorable (Table 8,
Figure 9). A log-transformed linear regression model also revealed differences among ages with younger
Smallmouth Bass generally exhibiting a higher relative weight than older Smallmouth Bass (p value =
1.62 x 10-7).
Comparing predicted lengths to the Starks and Rodgers (2020) growth standard for the riverine
habitats indicates slow growing populations with comparatively small length-at-age sizes. In no instance
within any of the river study areas do the predicted lengths-at-age exceed the Starks and Rodgers
growth standard values. At age-1, downstream Tygart is approximately 85% of the growth standard and
declines to 73% by age-10. Growth improves slightly in the upstream Tygart, where Age-1 begins at 85%
and modestly increases to 87% by age-10, while growth in Cheat River is the lowest, maintaining
between 74-76% of the growth standard (Table 9).
3.2 Modeling
Each population of Smallmouth Bass was observed to respond differently to the implementation
of the various management scenarios. Results suggest that current Smallmouth Bass fishing regulations
(no size limit) are likely not to be resulting in growth overfishing of the fishery for any of the study areas
in question until exploitation rates are elevated. Similarly, growth overfishing is not likely to occur under
modeled management scenarios (Figure 10). Exploitation rates under the no limit model that exceeded
approximately 0.30 led to a decline in yield for Cheat Lake, Cheat River, and upstream Tygart River
Smallmouth Bass, while exploitation needed to exceed approximately 0.45 and 0.70 for Tygart Lake and
downstream Tygart River Smallmouth Bass. In downstream Tygart River yield was maximized across all
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exploitation rates under a 203 mm MLL whereas yield was lowest under a 305 mm MLL. Growth
parameters for downstream Tygart River Smallmouth Bass were not sufficient enough to model
responses to a 356 mm MLL. Yield was modeled to improve as exploitation increased under a 254 MLL
and a harvested slot limit of 254 mm to 330 mm for downstream Tygart River populations. Cheat Lake
maximized yield per recruit when modeled for a 305 mm MLL across all modeled exploitation rates.
Maximum yield in the Cheat Lake Smallmouth Bass population was lowest under a protected slot limit of
254 mm to 356 mm and exhibited declines at elevated exploitation rates of between 0.30 and 0.50
under no limit, 203 mm MLL, 254 mm MLL, 254 mm to 356 mm protected slot limit, and 254 mm to 356
mm harvested slot limit. The remainder of the study areas (Tygart Lake, Cheat River, upstream Tygart
River) had similar yield curves as each other to modeled management scenarios. Maximum yield for
these study areas occurred when a 254 mm MLL was modeled, while each exhibited reduced yield when
a 356 mm MLL was modeled.
Results for modeling effects of management on spawning potential ratio (SPR) across a
spectrum of exploitation rates were mixed amongst the study areas (Figure 11). Overall, the modeling
results suggest that recruitment overfishing is not likely to occur under the current regulation (no length
limit) and modeled length limits until exploitation rates are elevated. In general, SPR was maximized
under a 356 mm MLL under all exploitation levels across each study area population. The downstream
Tygart River population fell below the critical threshold of 0.25 SPR when modeling no limit, 203 mm
MLL, and protective slot limit when exploitation rates exceeded 0.26, 0.31, and 0.44, respectively. The
upstream Tygart River population fell below the critical threshold at exploitation rates in exceedance of
0.59 and 0.62 when modeling no limit and a protective slot limit, respectively. At exploitation rates
between 0.35 and 0.65, the Tygart Lake population fell below the critical threshold when modeling no
limit, 203 mm MLL, 254 mm MLL, a protected slot limit, and a harvest slot limit. The Cheat River
population exhibited a decline in SPR below the critical threshold at exploitation rates between 0.36 and
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0.69 when modeling no limit, 203 mm MLL, harvest slot limit, and a protective slot limit. The Cheat Lake
population exhibited a decline in SPR below the critical threshold at exploitation rates between 0.39 and
0.53 when modeling no limit, 203 mm MLL, and harvested slot limit.
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Discussion
Growth patterns of Smallmouth Bass reveal differences between study areas, both within
watersheds and between habitat types. These differences were most pronounced when considering von
Bertalanffy growth models of Tygart Lake with the other study areas. Variability also occurred in
estimated mortality rates and maturity-at-age estimates, as well as in modeled responses of
management scenarios on estimated YPR and SPR. The results are indicative of the regional disparities in
Smallmouth Bass population demographics known to occur (Streling et al 2019), thus affirming the need
for site specific population data in informing management decisions.
For the riverine study areas, Smallmouth Bass had the highest growth rate and growth potential
in the sections upstream of Tygart Lake, while those from both the downstream Tygart River and Cheat
River had lower growth potential and growth rates. For the downstream Tygart River, this low growth
may be a response to its location downstream of the lake. Tygart Lake is managed for flood control. A
review of the hydrographs for downstream Tygart Lake at Grafton, WV and upstream Tygart Lake at
Philippi, WV demonstrates that flows downstream of the lake are generally delayed, of lesser intensity,
and of longer duration with respect to flows upstream of the lake (Figures 12 and 13). Water
temperature is consistently cooler downstream of the lake than upstream of the lake which may be
indicative of the greater depth within the water column that water is drawn from the lake (Figures 14
and 15). Additionally, sediment load at the downstream study area was less than what was observed in
the upstream study area. Dam projects have generally exhibited a decline in fisheries downstream of
dams with fewer fish being caught and of smaller size (Adams 1985). Top discharges can increase
productivity in the tailwaters, mostly through the introduction of plankton, however discharges from the
hypolimnion, such as what occurs at Tygart Lake, curtails any benefit and injects colder and nutrient
poor water downstream which may be more detrimental to warm and/or cool water species such as
Smallmouth Bass (Jackson and Marmulla 2001).
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From a habitat perspective, the habitat would appear to be more suitable in the downstream
Tygart River and Cheat River study areas as these areas are mostly comprised of quality cobble and
boulder as opposed to the upstream Tygart River study area which had considerably more sand and fine
gravel throughout sample reaches. Mean daily water temperature for each riverine study area was
within optimal ranges for a majority of the growing season (26 - 31°C juveniles, 21 - 26°C adults;
Bevelhimer 1996). During the summer, there were periods whereby the water temperature exceeded
the optimal threshold with year 2020 temperatures reaching as high as 28.8°C in the upstream Tygart
River, 27.2°C in the downstream Tygart River, and 27.7°C in Cheat River. These higher summer
temperatures, however, may not be contributing factors to lower growth rates when ample cover is
available (Bevelhimer 1996). Smallmouth Bass have also been documented migrating great distances for
temperature refugia (Westhoff et al 2016) and may select different habitat components as temperature
changes (Wolf et al 2019, Bevelhimer 1996). Therefore, it is very likely that temperature is not a limiting
factor for growth within these riverine Smallmouth Bass populations.
Population density of riverine Smallmouth Bass may factor into the lower growth rates. Values
for CPUE were significantly higher in riverine Smallmouth Bass populations than lacustrine Smallmouth
Bass populations. This may indicate a higher population density in the riverine populations. Density has
been demonstrated to have a negative relationship with growth in many fish species (Lorenzen and
Enberg 2002). The specific explanation for the lower growth in the riverine study areas of the Tygart
River and Cheat River may rely on a number of factors and variables, of which is not the focus of this
study. Further study would be warranted to identify the root cause, or causes for the low growth. Such
studies may focus on prey availability, density-dependent growth, competition, and/or water quality to
identify the specific deficiencies limiting growth.
Similar Smallmouth Bass growth rates were expected within Tygart Lake and Cheat Lake, but this
expectation was not supported by study results. The observed maximum age differed between the two
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with Tygart Lake only achieving an observed maximum of age 5 while Cheat Lake achieved an observed
maximum of age 9. The asymptotic length was much higher in Cheat Lake compared to Tygart Lake,
although Tygart Lake achieved its asymptotic length at a much faster rate. Disparities in growth
between Tygart Lake and Cheat Lake may be a response to how both lakes are managed. Pool elevation
of Tygart Lake, through management by the US Army Corps of Engineers for flood control, is lowered by
nearly 17 m each year from October to May. Pool elevations in Cheat Lake are maintained for
hydropower generation with peaking operations constrained by Federal Energy Regulatory Commission
license articles. Daily fluctuations in water level at Cheat Lake is not to exceed approximately 0.6 m
during the recreation season (May 1 to October 31), 4.0 m during the winter season (November 1 to
March 31), and 2.1 m throughout the month of April (FERC 1994). Winter drawdowns, such as in Tygart
Lake, reduce macrophyte density and percent cover throughout the exposed areas, as well as general
reductions in nutrients. The negative effects of drawdowns on macrophytes and other primary
producers is amplified when drawdowns exceed 2 m (Carmignani and Roy 2021). The loss of littoral zone
macrophytes, as observed in Tygart Lake, can have a cascading negative effect on fish communities
whereby fish diet, growth rates, biomass, and abundance declines (Bettoli et al 1993). Interestingly,
though, this particular response does not appear to be occurring in Tygart Lake, at least as referenced in
Tygart Lake’s Smallmouth Bass community with its higher growth rate in comparison to the other study
areas including Cheat Lake. Water level fluctuations in Cheat Lake are minor when compared to Tygart
Lake and they still allow for the establishment of macrophytes. Yet, this has not allowed for faster
growth rates in Cheat Lake. There may then be other factors or a multitude of factors contributing to the
differences in Smallmouth Bass growth from between Tygart Lake and Cheat Lake.
Interestingly, the age by which Smallmouth Bass reached maturity differed significantly between
the riverine and lacustrine study areas. The age-at-maturity was less for the lakes than the rivers. By the
study results, Smallmouth Bass matured before age-2 for both Tygart Lake and Cheat Lake, while
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maturing a year to two years later for the river study areas. The earlier age-of-maturity may be a result
of the higher growth rate observed in the lakes and the shorter observed lifespan that generally is likely
to occur in the lakes. There was, however, not a significant difference in length-at maturity. Calculated
length-at-maturity corresponded to the generally understood length-at-maturity of other studies
(Wiegmann et al. 1997, Raffetto et al. 1990, Baylis and Wiegmann 1993). This would further underscore
the importance of length in determining maturity in Smallmouth Bass as opposed to age. Understanding
this relationship can assist in managing Smallmouth Bass populations more effectively.
Approaches to managing Smallmouth Bass populations in the study areas would be unique to
each study area considering the evident differences between the areas. In general, a no length limit
scenario offers the least amount of protection from growth overfishing and recruitment overfishing,
while potentially providing for reduced yields and SPR. Models for all study areas suggests that a no
length limit scenario places populations at greater risk for recruitment overfishing at lower exploitation
rates than with length limit regulations. This is especially true in the downstream Tygart River
populations where an exploitation rate of between 0.22 and 0.26 is modeled to reduce the spawning
potential ratio to below the critical threshold. Influences of SPR under a no length limit scenario were
generally uniform across all study areas. However, the exploitation rates required to exhibit a reduction
in yield and SPR remain higher than rates of Smallmouth Bass exploitation observed in other studies
(Garren 1998). While the current exploitation rates for study area populations are unknown at this time,
it is not believed that the populations are in danger of being exploited at levels to cause reductions in
YPR and SPR and populations are therefore not likely to be at risk of growth or recruitment overfishing
under the current regulation. Implementation of a length limit regulation over the current no length
limit regulation could decrease the risk of the occurrence for high exploitation as exploitation during a
no length limit is generally significantly higher than exploitation during a length limit (Newman and Hoff
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2000). Further examination of exploitation rates within study area populations may be necessary for
more accurate predictive modeling of Smallmouth Bass responses to management scenarios.
Models of protective slot limits did not perform as expected. The protective slot limit range of
254 mm to 330 mm in riverine habitat and 254 mm to 356 mm in lacustrine habitat that was modeled
for this study is smaller than ranges observed in other studies, such as 305 mm to 406 mm in Buynak
and Mitchell (2001) and 305 mm to 457 mm and 355 mm to 457 mm in Fincel et al (2015). Based on
observed sizes and growth of Smallmouth Bass populations within study areas, it was not possible to
model effects of these higher protective slot limit ranges due to modeling limitations. Therefore, the
protective slot limit ranges were selected based on comparability between study areas and modeling
compatibility. In modeling YPR and SPR, protective slot limits failed to provide any substantial benefits
from the no length limit that would have prevented both growth and/or recruitment overfishing.
Protective slot limits are generally designed to protect the reproductive output of a fishery
(Gnanalingam et al. 2020). In the case of this study, the range of the protective slot limits tested was
selected to protect the size classes where most reproduction is expected to occur within the
populations. In modeling the fishery response to the protective slot limits, it was assumed that harvest
below and above the slot limit would be similar. This assumption may not completely comport with
angler reality as anglers will typically target higher biomass fish versus smaller fish (Nieman et al. 2021).
Effectiveness of protected slot limits would rely on reversing angler perception of harvest through
higher exploitation of smaller fish than larger fish (Buynak and Mitchell 2001). Eder 1984, for instance,
found that to increase growth of Largemouth Bass, exploitation of fish below the protective slot limit
needed to exceed 70%. In general, protective slot limits often do not produce the desired results,
particularly in black bass assemblages, due to non-compliance by anglers, preference of larger fish to
smaller fish, environmental changes, and non-target populations that may compete for resources
(Buynack and Mitchell 2001, Fincel et al 2015).
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Of further interest is the nature by which harvested slot limits are modeled. A harvested slot
limit protects fish above and below where the most reproduction is likely to occur, but allows for the
harvest of fish within a reproductively important zone. Effects on spawning potential ratio for harvested
slot limits were generally more pronounced than protected slot limits, except for within the riverine
sections of the Tygart River. However, yield-per-recruit responded more positively to a harvested slot
limit than to a protected slot limit. This may suggest that, even though more reproduction is likely to
occur within size classes under the slot limit, larger Smallmouth Bass outside of the harvested slot limit
would produce enough eggs to offset the loss of the generally prime reproductive classes despite the
lower proportion of larger Smallmouth Bass within the population. The total number of fish reproducing
may not be as critically important as the total number of eggs being produced by a single individual.
Models generally suggest that the best approach to managing Smallmouth Bass populations for
YPR and SPR within the study areas may be a management scheme that protects the critical age when
most reproduction is likely to occur, while still allowing for the harvest of larger Smallmouth Bass. The
generated maturity schedule indicates that the critical age of reproduction would align with age 4 in the
riverine habitat and age 3 in the lacustrine habitat. Generally, the projected lengths associated with
these critical ages varied from between 219 mm and 306 mm. The higher lengths corresponded to lake
Smallmouth Bass while the smaller lengths were related to the river Smallmouth Bass. Models indicate
that a 305 mm MLL for Tygart and Cheat Lakes and a 254 mm MLL for the Tygart and Cheat Rivers may
be the most well-suited approaches to preserving recruitment while increasing yield. Modeling under
these management scenarios projected positive trends in yield-per-recruit across all exploitation rates
and indicated that spawning potential ratio is not likely to decrease below the critical threshold.
Modeling provided through this study is for predictive purposes to better inform future
management decisions. As with any model it has its own shortcomings that should be considered.
Firstly, these models are static models that do not take into consideration stochastic events or the wide
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array of variables that influence population dynamics. As an example, these models cannot predict prey
response or competing predator response to implementation of regulations. The modeling presented
here also could not take into consideration effects of density on growth rates, nor did it consider
possible changes that might occur in the population within each age or size-class. These models also did
not predict influences of regulations on size structures of study fisheries. Future studies of Smallmouth
Bass within these two watersheds could explore these interactions in greater detail.
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Summary and Conclusions
This study indicates that variations in Smallmouth Bass population characteristics are likely to
occur from watershed to watershed and between habitat types. Smallmouth Bass in lake habitats were
observed to grow at a faster rate and achieve sexual maturity at an earlier age than their riverine
counterparts. Observed ages within populations varied, as well, with maximum observed ages in lakes
being considerably younger than within rivers. When comparing populations to national growth
standards for length, study area populations fell considerably short, further underscoring the slow
growing nature of these study area populations. Relative weights indicated lean individuals within
populations which may indicate a lack in available resources or it may indicate active Smallmouth Bass
populations that may be expending more energy in search of food or cover (Copeland 2004).
Study results indicated that neither growth overfishing nor recruitment overfishing is likely to be
occurring under the current management of each study area. However, modeling predicted an
improvement in total yield-per-recruit and a preservation of spawning potential ratio when certain
length limit regulations were placed on study areas under elevated exploitation levels. Considering
modeled responses and differences within responses between riverine and lacustrine study areas,
future consideration could be afforded for a 254 mm MLL for rivers and a 305 mm MLL for lakes, should
either growth or recruitment overfishing ever become a concern. However, the influences of regulations
on size structure were not examined and may warrant a closer examination prior to the implementation
of any new regulation. Given the growth similarities that exist between Tygart and Cheat River, length
limit regulations could be implemented, if deemed necessary, on one river while continuing current
management on the other. This could provide the opportunity to examine the effectiveness of length
limit regulations. Ultimately, this study provides valuable information and modeling predictions available
for use by managers in considering any future management changes to these fisheries.
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Tables
Table 1: Summary statistic of total length (mm) of Smallmouth Bass collected from the Tygart and Cheat
River watersheds, West Virginia. N = sample size; s.d. = standard deviation; min = minimum value; Q1 =
1st quartile value; Q3 = 3rd quartile value; max = maximum value.
Study Area
Downstream Tygart
Upstream Tygart
Tygart Lake
Cheat Lake
Cheat River

n
261
266
123
114
303

mean
196.0
169.7
243.1
224.6
191.3

s.d.
67.9
68.8
94.8
94.4
89.8

min
55
70
83
75
50

Q1
149.0
127.2
150.5
146.2
124.0

median
190.0
156.5
253.0
224.0
177.0

Q3
235.0
206.5
320.0
288.5
251.0

Max
390
460
420
487
470

Table 2: Proportional stock density of Smallmouth Bass collected from the Tygart River and Cheat River
watersheds, West Virginia.
Study Area
Downstream Tygart River
Upstream Tygart River
Tygart Lake
Cheat River
Cheat Lake

Stock
78.81
80.41
38.82
67.33
57.53

SE
3.33
4.03
5.29
3.83
5.79

Quality
17.22
15.46
43.53
20.00
28.78

SE
3.07
3.67
5.38
3.27
5.30

Preferred
3.97
3.09
17.65
10.67
8.22

SE Memorable SE
1.59
0.00
0.00
1.76
1.03
1.03
4.14
0.00
0.00
2.52
2.00
1.14
3.21
5.48
2.66

Table 3: Maturity schedule for Smallmouth Bass populations in Tygart and Cheat River watersheds, West
Virginia. Length-at-maturity values listed in mm. Age-at-maturity value listed in years. p5, p50, and p95
denote probability for maturity at length for 5, 50, and 95%, respectively. A5, A50, and A95 denote
probability for maturity at age for 5, 50, and 95%, respectively.

Study Area
Upstream Tygart
Downstream Tygart
Tygart Lake
Cheat Lake
Cheat River

Length-at-maturity
p5
p50
p95
133
166
198
153
171
189
190
218
247
161
166
170
142
172
202
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Age-at-maturity
A5
A50
A95
0.69
1.70
2.72
1.81
1.94
2.07
0.84
0.98
1.12
0.97
1.10
1.23
0.79
2.37
3.94

Table 4: Likelihood ratio tests of von Bertalanffy growth model parameters for Smallmouth Bass
populations in Tygart and Cheat River watersheds, West Virginia. H0 : H1 tests whether Linf (asymptotic
length) for one model is equal to the Linf of the other model. H0 : H2 tests whether K (growth coefficient)
for one model is equal to the K of the other model. H0 : H4 tests the combined influence of all three von
Bertalanffy parameters (Linf, K, t0 [theoretical age at length 0]) between two models.

H0 vs H1 (Linf1 = Linf2)
Downstream Tygart : Upstream Tygart
Downstream Tygart : Tygart Lake
Downstream Tygart : Cheat River
Downstream Tygart : Cheat Lake
Upstream Tygart : Tygart Lake
Upstream Tygart : Cheat River
Upstream Tygart : Cheat Lake
Tygart Lake : Cheat River
Tygart Lake : Cheat Lake
Cheat River : Cheat Lake
H0 vs H1 (K1 = K2)
Downstream Tygart : Upstream Tygart
Downstream Tygart : Tygart Lake
Downstream Tygart : Cheat River
Downstream Tygart : Cheat Lake
Upstream Tygart : Tygart Lake
Upstream Tygart : Cheat River
Upstream Tygart : Cheat Lake
Tygart Lake : Cheat River
Tygart Lake : Cheat Lake
Cheat River : Cheat Lake
H0 vs H4 (Parameters1 = Parameters2)
Downstream Tygart : Upstream Tygart
Downstream Tygart : Tygart Lake
Downstream Tygart : Cheat River
Downstream Tygart : Cheat Lake
Upstream Tygart : Tygart Lake
Upstream Tygart : Cheat River
Upstream Tygart : Cheat Lake
Tygart Lake : Cheat River
Tygart Lake : Cheat Lake
Cheat River : Cheat Lake

Chi2
6.01
0.00
2.61
2.64
9.25
1.42
0.49
5.82
4.97
0.16
Chi2
1.72
46.83
1.83
1.22
69.18
0.01
5.14
67.57
20.25
6.43
Chi2
58.67
564.29
27.56
196.95
602.48
99.28
119.48
651.11
174.28
236.34

41

p value
0.014
1.000
0.106
0.104
0.002
0.233
0.484
0.016
0.026
0.689
p value
0.190
0.000
0.176
0.269
0.000
0.920
0.023
0.000
0.000
0.011
p value
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000

Table 5: Calculated values of von Bertalanffy growth model parameters for Smallmouth Bass populations
in Tygart and Cheat River watersheds, West Virginia. Linf = asymptotic length; K = growth coefficient; t0 =
theoretical age at length = 0; Wint = asymptotic weight.

Study Area

Linf

Tygart River downstream

402.59

Tygart River upstream

554.32

Cheat River

476.35

Tygart Lake

404.11

Cheat Lake

497.10

95% CI
340.77
521.18
390.96
1547.54
405.96
582.34
377.96
431.93
402.70
615.39

K
0.14
0.10
0.10
0.52
0.18

95% CI
0.08
0.20
0.03
0.18
0.07
0.14
0.42
0.65
0.12
0.27

t0
-2.09
-1.89
-1.97
-0.72
-1.12

95% CI
-2.79
-1.63
-2.44
-1.52
-2.37
-1.65
-0.88
-0.60
-1.53
-0.83

Winf
767.39
2015.74
1954.02
860.87
1559.69

Table 6: Survivability and instantaneous mortality estimates of Smallmouth Bass populations in Tygart
and Cheat River watersheds, West Virginia. Estimates are derived from Chapman-Robson (1960).
Conditional natural mortality estimates provided for by Chen and Watanabe (1989). S = survivability
rate; S.E. = standard error; Z = instantaneous mortality; Cm = conditional natural mortality.

Study Area
Tygart River downstream
Tygart River upstream
Cheat River
Tygart Lake
Cheat Lake

S
71.43
62.65
77.60
53.11
66.25

S.E.
+/- 1.57
+/- 2.01
+/- 1.19
+/- 3.76
+/- 2.64
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Z
0.3360
0.4666
0.2534
0.6280
0.4102

S.E.
+/- 0.0470
+/- 0.0526
+/- 0.0358
+/- 0.1139
+/- 0.0489

Cm
0.26
0.23
0.20
0.44
0.26

Table 7: Relative weight percentages of Smallmouth Bass in Tygart and Cheat River watersheds, West
Virginia. Smallmouth Bass with a total length of less than 178 mm removed from consideration of
relative weight. N = sample size; Min = minimum value; Max = maximum value.

Study Area
Tygart River downstream
Tygart River upstream
Cheat River
Tygart Lake
Cheat Lake

N
55
30
97
80
98

Min
69.62
64.68
66.27
60.97
64.77

Mean
89.31
88.87
80.84
89.79
85.69

Median
89.12
91.46
80.45
88.98
84.79

Max
104.53
104.32
98.95
114.11
122.53

Table 8: Comparisons between relative weight of PSS categories for Smallmouth Bass populations in
Tygart River and Cheat River watersheds, West Virginia using Tukey’s honestly significance difference
test and a one-way ANOVA test to compare relative weights within individual study area populations.
Values presented are estimated p-values associated with the statistical tests.
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Table 9: Projected growth at age of Smallmouth Bass of an otolith-based growth standard (Starks 2020)
for lotic waterbodies and projected growth-at-age of Smallmouth Bass in Tygart and Cheat River
watersheds, West Virginia. Growth at age values provided as total length in mm.

Age

Standard
growth

Downstream Tygart

Upstream Tygart

Cheat River

1
2
3
4
5
6
7
8
9
10

164
213
256
293
327
356
382
405
426
444

139
173
202
228
250
269
287
301
314
326

139
178
214
246
276
302
326
348
367
385

125
159
190
218
243
266
287
305
322
337
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Figures

Figure 1: Map depicting Tygart River and Cheat River study areas, including locations of USGS gauge
stations and continuous temperature monitors.
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Figure 2: Fitted linear model for log scale length-at-age of observed Smallmouth Bass in sample
populations by sex. Red line represents males in the populations. Blue line represents females in
the populations. Shaded region represents 95% confidence interval.
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Figure 3: Water temperatures for Tygart and Cheat Rivers, West Virginia from May 1, 2020 to October 1,
2020. Temperature readings recorded at four USGS stations. Solid black line = Tygart River at Colfax, WV.
Dashed black line = Tygart River at Philippi, WV. Solid blue line = Cheat River at Albright, WV. Dashed
blue line = Tygart River at Tygart Lake tailrace.
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Figure 4: Age distribution of Smallmouth Bass collected from Tygart and Cheat River watersheds, West
Virginia.
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Figure 5: Size distribution of Smallmouth Bass collected from Tygart and Cheat River watersheds, West
Virginia.
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Figure 6: Probability of maturity at length for Smallmouth Bass in Tygart and Cheat River watersheds,
West Virginia. Probability estimates for Cheat Lake excluded due to small sample size. p5, p50, and p95
denote total estimated length at 5, 50, and 95% probability of maturity, respectively.

50

Figure 7: von Bertalanffy growth model curves of projected growth for Smallmouth Bass populations in
Tygart and Cheat River watersheds, West Virginia. Shaded region denotes 95% confidence interval of
values within observed ages for study areas. Solid line refers to predicted values within observed ages for
study areas. Dashed line refers to predicted values within a theoretical range of -1 to 18 years.
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Figure 8: Comparison of von Bertalanffy growth model curves for Smallmouth Bass in Tygart and Cheat
River watersheds, West Virginia. Red line refers to Tygart Lake. Purple line refers to Cheat Lake. Black line
refers to Tygart River downstream of the lake. Blue line refers to Tygart River upstream of Tygart Lake.
Green line refers to Cheat River.
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Figure 9: Boxplot comparisons of relative weights separated by proportional size structure (PSS)
categories for Smallmouth Bass in Tygart and Cheat River watersheds. Only PSS stock category and
above are considered.
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Figure 10: Yield-per-recruit model results of Smallmouth Bass in Tygart and Cheat River watersheds,
West Virginia. Model results displayed as total yield (kg) in response to variable exploitation rates under
various management options. Solid black line refers to no limit. Dashed black line refers to 203 mm
minimum length limit (MLL). Solid blue line refers to 254 mm MLL. Dashed blue line refers to 305 mm
MLL. Purple line refers to 356 mm MLL. Solid red line refers to harvested slot of 203 mm – 305 mm.
Dashed red line refers to protected slot limit (203 mm – 330 mm for riverine habitat, 203 mm – 356 mm
for lacustrine habitat).
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Figure 11: Results of modeling effects of management on spawning potential ratio (SPR) in response to
exploitation rates for Smallmouth Bass in Tygart and Cheat River watersheds, West Virginia. Horizontal
dotted line at SPR = 0.25 represents theoretical critical threshold limit for Smallmouth Bass. Solid black
line refers to no limit. Dashed black line refers to 203 mm minimum length limit (MLL). Solid blue line
refers to 254 mm MLL. Dashed blue line refers to 305 mm MLL. Purple line refers to 356 mm MLL. Solid
red line refers to harvested slot of 203 mm – 305 mm. Dashed red line refers to protected slot limit (203
mm – 330 mm for riverine habitat, 203 mm – 356 mm for lacustrine habitat).
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Figure 12: Hydrographs depicting flow, in cubic feet per second, of Tygart River in West Virginia at two
USGS stream gauge locations: Philippi, WV (in blue) and Grafton, WV just downstream of the discharge
from Tygart Lake (in black). Flow presented is through year 2020 and 2019.
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Figure 13: Hydrographs depicting flow, in cubic feet per second, of Tygart River in West Virginia at two
USGS stream gauge locations: Philippi, WV (in blue) and Grafton, WV just downstream of the discharge
from Tygart Lake (in black). Flow presented is through year 2018 and 2017.
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Figure 14: Water temperature, in Celsius, of Tygart River in West Virginia at two USGS stream gauge
locations: Philippi, WV (in blue) and Grafton, WV just downstream of the discharge from Tygart Lake (in
black). Temperature presented is through year 2020 and 2019.
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Figure 15: Water temperature, in Celsius, of Tygart River in West Virginia at two USGS stream gauge
locations: Philippi, WV (in blue) and Grafton, WV just downstream of the discharge from Tygart Lake (in
black). Temperature presented is through year 2018 and 2017.

59

References
Adams, W. M. 1985. The downstream impacts of dam construction: a case study from Nigeria.
Transactions of the Institute of British Geographers 10(3): 292 – 302.
Baylis, J. R. and D. D. Wiegmann. 1993. Alternating life histories of smallmouth bass. Transactions of the
American Fisheries Society 122: 500 – 510.
Bettoli, P. W., M. J. Maceina, R. L. Noble, and R. K. Betsill. 1993. Response of a reservoir fish community
to aquatic vegetation removal. North American Journal of Fisheries Management 13: 110 – 124.
Bevelhimer, M. S. 1996. Relative importance of temperature, food, and physical structure to habitat
choice by smallmouth bass in laboratory experiments. Transactions of the American Fisheries
Society 125(2): 274-283.
Blackwell, B. G., M. L. Brown, and D. W. Willis. 2000. Relative weight (Wr) status and current use in
fisheries assessment and management. Reviews in Fisheries Science 8: 1 – 44.
Blackwell, B. G., T. M. Kaufman, and T. S. Moos. 2019. Evaluation of anal spines, dorsal spines, and scales
as potential nonlethal surrogates to otoliths for estimating ages of largemouth bass and
smallmouth bass. North American Journal of Fisheries Management 39: 596-603.
Buynak, G. L. and B. Mitchell. 2001. Response of smallmouth bass to regulatory and environmental
changes in Elkhorn Creek, Kentucky. North American Journal of Fisheries Management 22(2):
500 – 508.
Carmignani, J. R., and A. H. Roy. 2021. Annual winter water-level drawdowns influence physical habitat
structure and macrophytes in Massachusetts, USA, lakes. Ecosphere: Freshwater Ecology 12(4):
1 – 22.
Chapman, D. G. and D. S. Robson. 1960. The analysis of a catch curve. Biometrics 16(3): 354 – 368.
Chen, S. and S. Watanabe. 1989. Age dependence of natural mortality coefficient in fish population
dynamics. Nippon Suisan Gakkaishi 55(2): 205 – 208.

60

Copeland, T. 2004. An evaluation of relative weight as an indicator of body composition and nutritional
status in wild fish. Doctoral dissertation, Virginia Polytechnic Institute and State University.
Eder, S. 1984. Effectiveness of an imposed slot length limit of 12.0 – 14.9 inches on largemouth bass.
North American Journal of Fisheries Management 4: 469 – 478.
Edwards, E. A., G. Gebhart, and O. E. Maughan. 1983. Habitat suitability information: smallmouth bass.
US Department of the Interior Fish and Wildlife Service FWS/OBS-82/10.36.
Federal Energy Regulatory Commission. 1994. Order issuing new license: project no. 2459 – 005.
Fincel, M. J., C. M. Longhenry, and D. A. James. 2015. Effects of a protected slot limit on smallmouth
bass size structure and angler harvest. Lake and Reservoir Management 31(3): 180 – 189.
Gabelhouse, Jr., D. W. 1984. A length-categorization system to assess fish stocks. North American
Journal of Fisheries Management 4: 273 – 285.
Garren, D. A. 1998. Impact of localized harvest on the population of smallmouth bass (Micropterus
dolomieu) of Lake Moomaw, Virginia. MS thesis, Virginia Polytechnic Institute and State
University.
Gnanalingam, G., H. Gaff, and M. J. Butler IV. 2020. Conserving spawning stocks through harvest slot
limits and no-take protected areas. Conservation Biology 34(6): 1492-1502.
Gray, C. A. 2015. Spatial variation in demography of an estuarine teleost: implications for population and
fishery assessments. Aquatic Biology 23: 209 – 223.
Goodyear, C. P. 1990. Spawning stock biomass per recruit: the biological basis for a fisheries
management tool. Collective Volume of Scientific Papers ICCAT 32: 487 – 497.
Goodyear, C. P. 1993. Spawning stock biomass per recruit in fisheries management: foundation and
current use. Canadian Special Publication of Fisheries and Aquatic Sciences 120: 67 – 81.

61

Hill, A. A. and K. R. Bestgen. 2014. Otolith daily increment deposition in age-0 smallmouth bass reared in
constant and fluctuating water temperatures. North American Journal of Fisheries Management
34: 774-779.
Hoenig, J. M. 1983. Empirical use of longevity data to estimate mortality rates. U.S. National Marine
Service Fishery Bulletin 81: 898 – 903.
Isermann, D. A. and C. T. Knight. 2005. A computer program for age-length keys incorporating age
assignment to individual fish. North American Journal of Fisheries Management 25: 1153 – 1160.
Jackson, D. C. and G. Marmulla. 2001. The influence of dams on river fisheries. In G. Marmulla (Ed.)
Dams, fish and fisheries: Opportunities, challenges and conflict resolutions. pp. 1 – 44. FAO
Fisheries Technical Paper 419.
Jackson, Z. J., M. C. Quist, and J. G. Larscheid. 2008. Growth standards for nine North American fish
species. Fisheries Management and Ecology 20: 461 – 467.
Lorenzen, K., and K. Enberg. 2002. Density-dependent growth as a key mechanism in the regulation of
fish populations: evidence from among population comparisons. Proceedings: Biological
Sciences 269(1486): 49 – 54.
Kolander, T. D., D. W. Willis, and B. R. Murphy. 1993. Proposed revision of the standard weight (Ws)
equation for smallmouth bass. North American Journal of Fisheries Management 13: 398 – 400.
McBride, R. S. 2016. Maturity schedules: matching data with models. Rstudio-pubsstatic.s3.amazonaws.com/222042_07be8d9d3e6840269d4067e272968cac.html
Nelson, G. 2022. fishmethods: Fishery Science Methods and Models. R package version 1.11-3,
https://CRAN.R-project.org/package=fishmethods
Newman, S. P. and M. H. Hoff. 2000. Evaluation of a 16-inch minimum length limit for smallmouth bass
in Pallette Lake, Wisconsin. North American Journal of Fisheries Management 20: 90 – 99.

62

Nieman, C. L., C. Iwicki, A. J. Lynch, G. G. Sass, C. T. Solomon, A. Trudeau, and B. van Poorten. 2021. Creel
surveys for social-ecological-systems focused fisheries management. Reviews in Fisheries
Science and Aquaculture 29(4): 739 – 252.
Ogle, D. 2013. fishR vignette – age-length keys to assign age from lengths. Northland College.
http://derekogle.com/fishR/examples/oldFishRVignettes/AgeLengthKey.pdf
Ogle, D. 2013. fishR vignette – catch curve estimates of mortality. Northland College.
http://derekogle.com/fishR/examples/oldFishRVignettes/Catchcurve.pdf
Ogle, D. 2013. fishR vignette – Von Bertalanffy growth models. Northland College.
http://derekogle.com/fishR/examples/oldFishRVignettes/VonBertalanffy.pdf
Ogle, D. H., J. C. Doll, P. Wheeler, and A. Dinno. 2022. FSA: Fisheries Stock Analysis. R package version
0.9.3.9000, https://github.com/fishR-Core-Team/FSA.
Paragamian, V. L. 1984. Population characteristics of smallmouth bass in five Iowa streams and
management recommendations. North American Journal of Fisheries Management 4: 497 – 506.
Raffetto, N. S., J. R. Baylis, and S. L. Serns. 1990. Complete estimates of reproductive success in a closed
population of smallmouth bass (Micropterus dolomieu). Ecology 71(4): 1523-1535.
Rubenson, E. S. and J. D. Olsen. 2019. Growth and recruitment of nonnative smallmouth bass along the
upstream edge of its riverine distribution. Northwest Science 93(1): 1-15.
Sinclair, A. F., D. P. Swain, and J. M. Hanson. 2002. Disentangling the effects of size-selective mortality,
density, and temperature on length-at-age. Canadian Journal of Fisheries and Aquatic Sciences
59: 372 – 382.
Shroyer, S. M., and T. S. McComish. 1998. Forecasting abundance of quality-size yellow perch in Indiana
waters of Lake Michigan. North American Journal of Fisheries Management 18: 19 – 24.
Smith, M. W., A. Y. Then, C. Wor, G. Ralph, K. H. Pollock, and J. M. Hoenig. 2012. Recommendations for
catch-curve analysis. North American Journal of Fisheries Management 32: 956 – 967.

63

Smith, S. M., J. S. Odenkirk, and S. J. Reeser. 2005. Smallmouth bass recruitment variability and its
relation to stream discharge in three Virginia rivers. North American Journal of Fisheries
Management 25: 1112-1121.
Sotola, V. A., G. A. Maynard, E. M. Hayes-Pontius, et. al. 2014. Precision and bias of using opercles as
compared to otoliths, dorsal spines, and scales to estimate ages of largemouth and smallmouth
bass. Northeastern Naturalist 21(4): 565-573.
Spilke, J. W., A. D. Martin, J. Pitlo Jr., and M. J. Maceina. 2011. Use of the spawning potential ratio for
the Upper Mississippi River channel catfish fishery. North American Journal of Fisheries
Management 22(4): 1295 – 1300.
Spilke, J. W., and M. J. Maceina. 2010. Fishery Analysis and Modeling Simulator. Version 1.0.
Starks, T. A. and A. W. Rodger. 2020. Otolith and scale-based growth standards for lotic smallmouth
bass. North American Journal of Fisheries Management 40: 986-994.
Sterling, E. M., K. B. Sterling, Q. E. Phelps, T. D. Ham, and S. J. Tripp. 2019. Smallmouth bass population
demographics in Missouri Ozark streams and an evaluation of a statewide 305-mm minimum
length limit. North American Journal of Fisheries Management 39(6): 1175 – 1191.
United States Army Corps of Engineers (2020). Tygart Lake 2020 Master Plan.
United States Army Corps of Engineers (2022). Tygart Lake Stats.
https://www.lrp.usace.army.mil/Portals/72/docs/Recreation/TygartLakeStats.pdf
Westhoff, J. T., C. Paukert, S. Ettinger-Dietzel, H. Dodd, and M. Siepker. 2016. Behavioural
thermoregulation and bioenergetics of riverine smallmouth bass associated with ambient coldperiod thermal refuge. Ecology of Freshwater Fish 25: 72 – 85.
West Virginia Department of Environmental Protection (2016). 2016 WV Integrated Water Quality
Monitoring and Assessment Report. Tygart Lake.

64

West Virginia Division of Natural Resources (2021). Sports Fish of West Virginia.
https://www.wvdnr.gov/fishing/sport_fish.asp.
Wiegmann, D. D., J. R. Baylis, and M. H. Hoff. 1997. Male fitness, body size and timing of reproduction in
smallmouth bass, Micropterus dolomieu. Ecology 78(1): 111 – 128.
Wolf, S. L., R. Mollenhauer, and S. Brewer. 2019. Coldwater periods in warmwater streams: microhabitat
shifts from autumn to winter by smallmouth bass. North American Journal of Fisheries
Management 39: 1360 – 1372.

65

